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Introduction
Defects in programmed cell death (PCD) can promote oncogenesis and resistance to chemotherapy. Apoptosis (type I PCD) has been well studied as a caspase-regulated cellular response to environmental stress and to the activation of oncogenes. Autophagy (type II PCD) is characterized by the accumulation of multi-lamellar vesicles that engulf cytoplasm and organelles, forming autophagosomes marked by microtubule-associated protein light chain 3 (LC3) (1, 2) . Autophagosomes then fuse with lysosomes, releasing their contents for hydrolysis. Autodigestion of intracellular proteins and lipids can temporarily sustain energy production by stressed cells, but can prove lethal if prolonged (3, 4) .
Controversy persists regarding whether autophagy induces the death of cancer cells or promotes their survival (5, 6) . Autophagic cell death can occur in response to chemotherapeutic agents (7) ; however, autophagy may also permit survival of cancer cells in response to environmental stress or cytotoxic drugs (5, 8, 9) . Several tumor suppressor genes have been implicated in autophagy of human cancers. For example, beclin 1, TP53, death-associated protein kinase, and PTEN can all contribute to autophagic pathways, and loss of their function could inhibit the induction of autophagy (10) (11) (12) and increase the incidence of cancer (12) .
Our group has identified aplasia Ras homolog member I (ARHI; also known as DIRAS3), a maternally imprinted tumor suppressor gene that is expressed by normal ovarian surface epithelial (NOSE) cells. Expression of ARHI is lost or markedly downregulated in 60%-70% of ovarian and breast cancers through loss of heterozygosity, DNA methylation, transcriptional regulation, and shortened mRNA half-life (13) (14) (15) (16) (17) . Loss of ARHI expression is associated with tumor progression and poor prognosis (15, 16) . ARHI encodes a 26-kDa GTPase with 55%-62% homology to Ras and Rap. In contrast to Ras, however, ARHI inhibits cancer cell growth, motility, and invasion. Distinct from other Ras family members, ARHI contains a unique 34-amino acid extension at its N terminus that is required to inhibit cell growth (18) . Re-expression of ARHI in cancer cells inhibits signaling through the Ras/MAP pathway, induces p21 WAF1/CIP1 , and downregulates cyclin D1 (13, 18) . Marked overexpression of ARHI using an adenovirus system induces caspase-independent, calpain-dependent apoptosis (19) , but the effect of re-expressing physiologic levels of ARHI comparable with those in NOSE cells has not to our knowledge been explored.
Using transient expression of ARHI and stable ovarian cancer cell lines in which ARHI expression can be induced to its physiologic levels, we demonstrate that expression of ARHI induces autophagy, but not apoptosis, in cultured cancer cells and in xenografts. Re-expression of ARHI affects PI3K/AKT/mammalian target of rapamycin (PI3K/AKT/mTOR) and AMPK/TSC1/TSC2 signaling pathways implicated in autophagy, activates the ATG4 cysteine protease, and colocalizes with its cleavage product LC3-II on autophagosomes. Whereas expression of ARHI in cultured cells induces autophagic cell death, ARHI sustains dormant cancer cell survival for weeks in vivo. Therefore, the survival of dormant cancer cells may be a critical factor contributing to the poor prognosis of ovarian cancer patients. Our studies suggest that growth factors, cytokines, and stromal proteins in the in vivo microenvironment contribute to determine the fate of autophagic cells.
Results
Expression of ARHI inhibits growth of ovarian cancer cells. We have developed stable sublines of SKOv3 ovarian cancer cells with Teton inducible expression of ARHI (SKOv3-ARHI) or its N-terminal deletion mutant (SKOv3-NTD). Incubation of each subline with 1 μg/ml of doxycycline (DOX) produced stable physiologic levels of ARHI or N-terminal-deleted ARHI (NTD) ( Figure 1A) , comparable with those in NOSE cells (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI35512DS1). Induction of ARHI expression, but not NTD, inhibited cell proliferation ( Figure 1B ). The failure of NTD to inhibit cell growth provides an important specificity control and demonstrates the requirement for the N-terminal region of ARHI in growth inhibition in these and subsequent studies.
Re-expression of ARHI induces autophagy in cultured cells. Re-expression of ARHI at physiologic levels in SKOv3-ARHI cells did not induce significant apoptosis, even after 72 hours of induction (Figure 1D) . Apoptosis could, however, be readily induced in SKOv3-ARHI cells by cisplatin ( Figure 1G ), indicating intact apoptotic pathway(s) in these cells. Induction of ARHI, however, produced cellular changes consistent with autophagy, including development of acidic vesicular organelles (AVOs) ( Figure 1 , J and M). Similar AVO staining was observed in Hey and SKOv3 cells transiently transfected with ARHI ( Figure 1 , K and N), but not in nontransfected cells (data not shown), documenting that autophagy can be induced by ARHI in multiple ovarian cancer cell lines. In contrast, only a few AVOs were observed after induction of SKOv3-NTD cells (Figure 1 , I and L), consistent with a lack of growth inhibition by the NTD mutant. Ultrastructural studies with transmission electron microscopy (TEM) detected scattered double-membrane vacuolar structures 24 hours after induction of ARHI and more prominent structures 72 hours after induction (Figure 1 , O-T). Typical autophagosome vesicles that contained multiple lamellae, intact cytoplasmic structures, and residual digested materials were identified ( Figure 1 , O and P). In some cells, an "onion-like" lamellar structure ( Figure 1Q ) or empty vesicles were observed. Consistent with AVO staining, no autophagic vesicles were detected in non-induced SKOv3-ARHI cells (Figure 1 , R-T) and substantially fewer and smaller autophagic vesicles were observed in SKOv3-NTD cells (data not shown). As another measure for autophagy, cells with increased autophagic vesicles were associated with enhanced degradation of long-lived proteins ( Figure 1U ).
To confirm that the observed cellular responses in SKOv3-ARHI cells were mediated by the induced ARHI expression and not unique to SKOv3 cells, we established a second stable ovarian cancer cell line (Hey-ARHI). Similar to SKOv3-ARHI cells, induction of ARHI by DOX in Hey-ARHI cells resulted in inhibition of cell growth, development of AVOs, and the formation of double-membrane autophagosome vesicles (Supplemental Figure 2) .
ARHI is required for autophagy. LC3-I is a critical participant in autophagy (20) , in which its cleavage product LC3-II, generated by the cysteine protease ATG4, is localized in the autophagosome membrane. Formation of punctate spots with GFP-LC3 fusion protein is a well-characterized marker to visualize autophagosomes and represents the accumulation of a membrane-bound form of LC3 on autophagic vesicles (21, 22) . Re-expression of ARHI in stable SKOv3-ARHI cells or in transiently transfected ES2 and OC316 ovarian cancer cells dramatically increased punctate LC3 spots. Inhibition of mTOR with rapamycin also increased autophagic vesicles ( Figure 2 , B and D). In 2 NOSE cell lines that constitutively expressed ARHI, autophagy occurred spontaneously and was not further increased by rapamycin ( Figure 2 , L-O). Knockdown of ARHI expression with 2 different siRNAs in ovarian cancer cells and in NOSE cells dramatically reduced autophagic vesicles (Table 1) , with or without rapamycin treatment (Figure 2 , E-J and P-U, and Supplemental Figure 3A ), indicating that ARHI is essential for promoting autophagy. In addition to ovarian cancer cells, U87 glioma cells, which are sensitive to rapamycin-induced autophagy (7) , expressed ARHI at significantly higher levels than the rapamycin-resistant U373 glioma cells (Supplemental Figure 3B ). Moreover, knockdown of ARHI in U87 cells resulted in a reduced LC3-II conversion. Taken together, our results are consistent with the notion that ARHI plays a critical role in spontaneous and rapamycin-induced autophagy.
ARHI is associated with LC3 in autophagosomes. To assess biochemically the role of ARHI in autophagosome formation, SKOv3-ARHI and SKOv3-NTD cells were transfected with GFP-LC3 and then treated with DOX to induce ARHI expression. As shown in Supplemental Figure 3C , expression of ARHI correlated with an increased cleavage of GFP-LC3-I to GFP-LC3-II and a shift of both ARHI and LC3 from the cell-free supernatant to the pelleted fraction that contained membranes and organelles, suggesting that ARHI may promote autophagosome formation. Importantly, ARHI expression was associated with significant upregulation of ATG4 ( Figure 3A ), a critical protease that processes LC3-I to autophagosome membrane-anchored LC3-II (2). This correlation suggests that ARHI may facilitate autophagosome formation by promoting LC3 maturation through induction of ATG4. Consistent with this notion, transfection of ARHI siRNA reduced the levels of ATG4 and LC3-II in SKOv3-ARHI cells that had been treated with DOX ( Figure 3, A and B) .
To examine the direct interaction of ARHI and LC3 during autophagosome formation, we performed in-cell photo-crosslinking and found that ARHI was closely associated with LC3 (Supplemental Figure 3D ). The NTD mutant also associated with LC3, but the interaction was substantially weaker. Immunofluorescence staining of ARHI in GFP-LC3-transfected SKOv3-ARHI cells or in ES2 and OC316 ovarian cancer cells cotransfected with red fluorescent protein-ARHI and GFP-LC3 plasmids showed that ARHI colocalized with LC3 in "ring-shaped" spots ( Figure 3 , C-F, and Supplemental Figure 4 , A and B), supporting the notion that they colocalize in autophagosomes. With the NTD mutant, substantially fewer colocalization sites were observed ( Table 2) , and the areas of association were smaller (Supplemental Figure 4A ). Autophagosome granules were not observed in control cells that SKOv3-ARHI cells were transfected with GFP-LC3 and treated with or without DOX to induce ARHI expression or with or without rapamycin to inhibit mTOR activity. Scale bar: 1 μm. (E-J) ES2 and OC316 cells were not transfected or were transfected with ARHI expression vector and ARHI siRNA or control siRNA for 24 hours before they were transfected with GFP-LC3. Cells were treated with 50 nM rapamycin at the time of siRNA transfection and examined for autophagy by fluorescence microscopy 48 hours later. Scale bar: 1 μm. (K) ARHI expression is necessary for rapamycin-induced autophagy in ovarian cancer cells. ES2 and OC316 ovarian cancer cells were not transfected or were transfected with ARHI or control siRNA for 48 hours. Expression of ARHI and the control GAPDH were examined by RT-PCR. (L-U) NOSE cells undergo spontaneous autophagy. (L-O) Two NOSE cell lines were transfected with GFP-LC3 and treated with or without rapamycin. Scale bar: 1 μm. (P-U) GFP-LC3 plasmid was transfected into OSE106 cells alone or was cotransfected with ARHI siRNA or control siRNA. Transfected cells were treated with or without rapamycin. Scale bar: 1 μm. Figure 4A ) or that had not been transfected with GFP-LC3 (Supplemental Figure 4A ).
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ARHI inhibits PI3K pathway and upregulates TSC1/2 expression. The PI3K pathway plays an important role in regulating autophagic activity (10) . We therefore examined whether ARHI induces autophagy by altering activities in the PI3K pathway. We monitored PI3K activity by the membrane localization of transfected GFP-PH AKT (a fusion protein between GFP and the plextrin homology domain from AKT that binds the product of PI3K at the cell membrane and can serve as readout for PI3K activity). As shown in Figure 4 , A-F, induction of ARHI in SKOv3-ARHI cells dramatically reduced EGF-induced membrane accumulation of GFP-PH AKT , similar to the results with the wortmannin-treated cells. Consistent with its inhibition of PI3K activity, ARHI expression in SKOv3-ARHI cells also significantly inhibited both basal and lysophosphatidic acid-stimulated phosphorylation of AKT, mTOR, and p70S6K, whereas expression of mutant NTD had no effect ( Figure 4G and Supplemental Figure 5 ). These results were confirmed by reverse-phase protein microarray analysis (23) , which showed reduced phosphorylation of MAPK, p38, AKT T308 , AKT S473 , mTOR, p70S6K, and S6 in cells that expressed ARHI but not in cells that expressed the NTD mutant ( Figure 4H ).
To further explore functional interaction of ARHI with the PI3K pathway, dominant-negative AKT (AKT-DN) and constitutively active AKT (AKT-CA) plasmids were transfected into SKOv3-ARHI cells. Expression of ARHI triggered autophagy in nontransfected cells but failed to induce autophagy in cells transfected with AKT-CA ( Figure 4 , O-Q), suggesting that ARHI-induced autophagy is at least partially dependent on inhibiting the PI3K pathway. In contrast, no autophagic features were observed in control cells that were not transfected with GFP-LC3 or that lacked ARHI expression ( Figure 4 , I-N). AKT-DN did not alter ARHI-induced autophagy (Figure 4 , R-T), consistent with the conclusion that ARHI-induced autophagy was regulated by the PI3K pathway.
Induction of ARHI was associated with an increased expression of TSC1/2 ( Figure 4U ), and knockdown of TSC2 significantly decreased ARHI-induced autophagy ( Table 3 and Supplemental Figure 6 ). TSC1 and TSC2 are GTPase activating proteins that inhibit the activity of Rheb G protein, reducing the activity of mTOR. We observed that increased expression of TSC1/2 was associated with a significant reduction in the ratio of GTP/GDP binding to Rheb, reflecting a decrease in Rheb activity ( Figure 4V ). Combined with the decrease in phosphorylation of p70S6K and S6, ARHI expression appears to correlate with decreased mTOR activity, one condition for the induction of autophagy.
ARHI induces tumor dormancy in xenografts. In culture, SKOv3 cells expressing ARHI died within 2 weeks ( Figure 5A ) and loss of clonogenic growth became irreversible in less than a week ( Figure 5B ). This loss of clonogenic growth, however, can be partially rescued by blocking ARHI-induced autophagy with ATG5 siRNA (Supplemental Figure 7 ), suggesting that these cells died from autophagic death. When SKOv3-ARHI cells were grown as xenografts, induc- ES2 and OC316 cells were not transfected or transfected with ARHI expression plasmid and 2 different ARHI siRNAs (ARHI 1 and ARHI 2) or control siRNA for 24 hours before they were transfected with GFP-LC3. Cells were treated with 50 nM rapamycin (RM) at the time of siRNA transfection and examined for autophagy by fluorescence microscopy 48 hours later. Green vesicles were counted under a confocal fluorescence microscope and expressed as total vesicles per 100 cells.
Figure
ARHI colocalizes with LC3 in the autophagosome. (A) ARHI enhances ATG4 expression. SKOv3-ARHI or -NTD cells were treated with DOX and harvested at the indicated times. ARHI or control siRNA was transfected to knockdown ARHI expression. Western blots of ATG4 and ARHI were examined. (B) ARHI is essential for conversion of LC3-I to LC3-II. SKOv3-ARHI and -NTD cells were treated with DOX and transfected with ARHI or control siRNA. Cell lysates were blotted for LC3. (C-F) Colocalization of ARHI and LC3 in autophagosomes. DOXtreated SKOv3-ARHI cells were transfected with pGFP-LC3, stained for ARHI, and examined by fluorescence microscopy. Punctate spots mark LC3 or ARHI localization. Arrowheads indicate a ring-like shape and a colocalized ARHI-LC3 signal. Scale bars: 1 μm.
tion of ARHI by feeding DOX to the tumor-bearing animals significantly inhibited xenograft growth ( Figure 6B ). Control SKOv3-ARHI tumors without ARHI induction grew to more than 1.5 cm in diameter by 90 days. As expected, DOX did not affect tumor growth in parental SKOv3 cells. Similarly, induction of SKOv3-NTD by DOX failed to inhibit xenograft growth ( Figure 6C ). When ARHI induction was withdrawn after 32 or 42 days, xenografts grew promptly and at a more rapid rate ( Figure 6D ), suggesting that cancer cells had remained viable during the 32 to 42 days of ARHI induction, consistent with a dormant state. Similar results were observed in cultured cells. As shown in Supplemental Figure 8 , SKOv3-ARHI cells, when treated with DOX for 3 days followed by DOX removal, could resume exponential cell growth, albeit with a slight delay when compared with cells cultured in the absence of DOX. TEM images of xenografts from mice treated with DOX showed typical autophagosome vesicles ( Figure 6 , E-G) resembling the autophagic vesicles observed in ARHI-induced cells in culture (Figure 1 , O-Q). Upon DOX withdrawal, cells lost the attributes of autophagy, exhibiting disappearance of autophagosomes with a concomitant increase in the number of mitochondria ( Figure  6I ). On an average, we observed 0.4 autophagosomes per cell in the untreated xenografts. The number of autophagosomes increased to 12 per cell in the DOX-treated xenografts and returned to very low numbers upon DOX withdrawal. To address the importance of ARHI-induced autophagy in the dormant xenografts, DOX-treated mice were given intraperitoneal injections of chloroquine (CQ) to inhibit autophagy (24) . DOX-treated mice were injected with CQ (5 days/week at 50 mg/kg) or diluent for 5 weeks before both DOX and CQ were withdrawn. A third group of DOX-treated mice were treated with CQ for only the final 2 weeks of DOX treatment. As shown in Figure 6J , inhibition of ARHI-induced autophagy by CQ dramatically inhibited xenograft tumor growth following DOX withdrawal, indicating that establishment of the dormancy state is dependent on ARHI-mediated autophagy. Growth factors, cytokines, and cell matrix proteins can partially rescue cancer cells from ARHI-induced cell death in vitro. Given the dramatic differences in survival of autophagic cancer cells in culture and in xenografts, we sought factors present in vivo that might contribute to improved cell survival. Clonogenic assays with SKOv3-ARHI cells showed that several growth factors and cytokines (VEGF, IL-8, heregulin, IGF-1, M-CSF, and IL-1) as well as cell matrix proteins (collagen, fibronectin, and polylysine) present in xenografts could partially rescue cells from ARHI-induced autophagic cell death in culture (Figure 7, A and B) . Antibody arrays detected much higher levels of growth factors and cytokines in xenografts than in cultured cells ( Figure 7C and Supplemental Figure 9 ). Murine IGFBP-3, IGF-1, M-CSF, and MIP-1γ were found at high levels in xenografts. It is noteworthy that murine IGF-1 is known to have significant cross-species activity with human receptors (25) , and expression of such growth factors or cytokines by host stromal cells may provide a microenvironment in vivo that promotes the survival of human cancer cells undergoing ARHI-induced autophagy. Several inflammatory cytokines, including MIP-1β and Rantes of either human or murine origin, were detected in xenograft extracts (Supplemental Figure 9) , consistent with the notion that inflammation provides critical survival factors for tumor cells undergoing autophagy and metabolic stress (6, 8) .
Angiogenic factors are expressed in the xenograft microenvironment. As the development of microvasculature may be critical in maintaining dormancy or producing tumor progression (26), we examined the levels of angiogenic factors. Antibody arrays that recognize human and murine angiogenic factors were used to measure the levels of angiogenic factors in culture supernatants, cultured ovarian cancer cells, and xenografts in the presence or absence of ARHI expression. SKOv3-ARHI cells cultured in low serum expressed IL-8, bFGF, and TIMP-2, but not VEGF ( Figure 7D and Supplemental Figure 10 ). While IL-8 was found in the culture medium and bFGF in the cell lysate, TIMP-2 was detected in both fractions. Induction of ARHI resulted in a modest decrease in all 3 factors. In xenografts, levels of human IL-8 and VEGF were significantly higher than those in cultured cells ( Figure 7D and Supplemental Figure 10 ), whereas bFGF and TIMP-2 were expressed at comparable levels in cell culture and xenografts. Again, ARHI expression produced a modest reduction in these angiogenic factors. High levels of IL-8 and VEGF expression in xenografts underscores the importance of tumor microenvironment in maintaining tumor cell survival, as incubation with these factors partially rescued SKOv3-ARHI cells from ARHI-induced autophagic cell death ( Figure 7A ). Since cancer cells within xenografts are likely to be hypoxic, which may affect tumor growth, we examined whether hypoxia affects expression of growth factors and cytokines. Incubation of SKOv3-ARHI cells under hypoxic conditions significantly increased VEGF expression ( Figure 7E ) and was associated with markedly increased expression of HIF-1α ( Figure 7F ). Expression of ARHI reduced hypoxia-induced expression of VEGF ( Figure 7E ) and HIF-1α ( Figure 7F ), but elevated levels of VEGF and IL-8 were still present to affect the survival of SKOv3-ARHI cells.
Growth factors, cytokines, and cell matrix proteins reverse changes in signaling induced by ARHI. To elucidate signaling pathways that might contribute to the survival of dormant cancer cells in vivo, we examined the effect of different growth factors, cell matrix proteins, and angiogenic factors that enhanced survival of autophagic cells on the expression of growth regulatory proteins and their phosphorylation. Using reverse-phase protein microarray analysis, ARHI induction inhibited phosphorylation of AKT S473 , mTOR, and S6K and increased the expression of both LKB1 and TSC2 and the phosphorylation of AMPK, consistent with the hypothesis that ARHI induces autophagy through downregulation of PI3K/mTOR and upregulation of the AMPK/TSC1/TSC2 signaling cascades (Supplemental Figure 11, A and B ). In addition, ARHI expression increased p27 but decreased pMEK, pp38, pJNK, and pEGFR. Addition of growth factors (M-CSF, IGF-1) or angiogenic factors (VEGF, IL-8) that rescued cancer cells from autophagic death reversed the ARHI-induced signaling changes associated with autophagy, decreasing TSC2 expression and increasing AKT and mTOR phosphorylation (Supplemental Figure 11) . Conversely, addition of IFN-γ, which enhanced autophagic cell death, had a minimal effect on these signaling pathways (Supplemental Fig- ure 11A). Matrix proteins that rescued cells had no effect on AKT signaling but did increase VEGFR expression, whereas laminin, which augmented autophagic death, did not upregulate VEGFR (Supplemental Figure 11B ).
Discussion
Re-expression of ARHI at physiologic levels leads to programmed death of ovarian cancer cells in culture without inducing apoptosis. Cell death is preceded by the development of autophagy, as judged by increased catabolism of long-lived proteins and by the formation of acidic bilamellar vesicles that are decorated with LC3-II. ARHI can promote autophagy at 2 levels. First, ARHI participates directly in the formation of autophagic vesicles by upregulating ATG4, an enzyme that cleaves LC3-I to produce LC3-II, and by colocalizing with LC3-II in the membranes of autophagic vesicles. Whereas NOSE cells that express ARHI undergo spontaneous autophagy, significant autophagy was only observed in each of 4 ovarian cancer cell lines after re-expression of ARHI. Consistent with a critical role in the formation of autophagic vesicles, knockdown of ARHI blocks not only ARHI- and rapamycin-induced autophagy in ovarian cancer cells, but also spontaneous autophagy in NOSE cells. In addition to a direct association with autophagic vesicles, expression of ARHI also alters intracellular signaling pathways that favor autophagy. Expression of ARHI downregulates pAKT, pmTOR, and pp70S6K levels, increases AMPK/TSC1/TSC2 expression, and decreases Rheb activity. The significance of signaling through the PI3K/AKT/mTOR pathway is underlined by the ability of AKT-CA expression or TSC2 knockdown to block ARHI-induced autophagy. Both spontaneous autophagy in normal cells and rapamycin-induced autophagy in malignant cells can be dramatically reduced when ARHI expression is inhibited by ARHI siRNA. We hypothesize that expression of ARHI is necessary but not sufficient for formation of autophagic vesicles. In normal cells, ARHI is present at levels high enough to inhibit PI3K/AKT/ mTOR signaling, and in the absence of additional signaling, this inhibition appears to be sufficient to drive normal cells to autophagy. During malignant transformation, ARHI is downregulated but not completely lost. Cancer cells are selected, and these cells survive and are capable of progressive growth, having upregulated PI3K and consequently reset the regulatory balance that prevents cell cycle arrest and autophagy. Reintroducing physiologic levels of ARHI not only provides a critical component of autophagic vesicles, but also inhibits PI3K/AKT/mTOR signaling.
While re-expression of ARHI induced autophagic cell death in culture within days, ovarian cancer cells growing as xenografts remained dormant for weeks after induction of ARHI and grew promptly when ARHI was downregulated. Establishment of tumor dormancy appears to depend on ARHI-induced autophagy, as inhibition of autophagy by CQ prevented regrowth of xenografts. Our studies provide insight into factors present in vivo that can rescue autophagic cell death in culture. Growth factors (IGF-1), angiogenic factors (VEGF, IL-8), M-CSF, and matrix proteins can Table  Knockdown of TSC2 inhibits ARHI-induced autophagy   siRNA  --Control  TSC2  Transfection  GFP  GFP-LC3  GFP-LC3  GFP-LC3   DOX-20  25  30  27  DOX+  16  132  125  70 SKOv3-ARHI cells were transfected with TSC2 siRNA for 24 hours followed by cotransfection of TSC2 siRNA and pGFP or pGFP-LC3 along with DOX induction for 24 hours. Green vesicles were counted under a confocal microscope and expressed as total vesicles per 50 cells. E and H), 1 μm (F, G, and I) . (J) Inhibition of autophagy blocks tumor dormancy. Nu/nu mice were injected with SKOv3-ARHI cells, and drinking water was supplemented or not with DOX for 5 weeks. One group of DOX-treated mice was injected with CQ for 5 weeks, and a second group was injected with CQ for the final 2 weeks before DOX withdrawal. Top: Growth curve of xenografts with indicated treatments. Bottom: Tumor sizes from day 76 were used for statistical analysis. All pairs comparisons between individual groups were done using the Tukey-Kramer test (P < 0.05). The dashed line represents the mean of all groups; solid lines represent the mean of individual groups. The diameter of the circles reflects the within-group variance, and overlapping of circles indicates a lack of statistical significance.
all prevent, in part, ARHI-induced autophagy. VEGF levels were significantly higher in xenografts than in cell culture, likely related to hypoxia at the tumor site in vivo. Hypoxia, generally present in the tumor microenvironment, can increase HIF-1α levels and its transcription activity, leading to upregulation of angiogenic proteins such as VEGF, PDGF, and NOS (27) . Indeed, growth of SKOv3-ARHI cells under hypoxic conditions stimulated expression of HIF-1α and VEGF. Although induction of ARHI reduced VEGF expression, substantial levels of VEGF were still present to favor survival of autophagic cells. Reduction in VEGF levels fol-lowing ARHI induction could, however, have delayed angiogenesis in dormant xenografts, whereas increased VEGF expression following downregulation of ARHI could have contributed to prompt recruitment of tumor vessels and accelerated growth. Rescue of cultured ovarian cancer cells from autophagic death by growth factors and cytokines is associated with reversal of several ARHI-mediated alterations in cell signaling, including the PI3K/ AKT/mTOR and AMPK/TSC1/TSC2 pathways. Thus, when ARHIinduced autophagy and inhibition of cell proliferation is partially offset by growth signals stimulated by survival factors and matrix proteins in the microenvironment, tumor dormancy may result. In this model, the balance between the pro-autophagic and antiproliferative activity of ARHI and the anti-autophagic and pro-proliferative activities of survival factors determines whether cancer cells die an autophagic death, remain dormant, or exit dormancy.
Tumor dormancy is a clinically important but poorly understood stage of cancer progression (28) (29) (30) (31) . If ARHI is required for autophagosome formation, then cells that lack the ability to express ARHI should be incapable of autophagy. More than 60% of primary ovarian cancers have decreased ARHI expression associated with shortened disease-free survival (15) . If autophagy is required for survival of dormant cells, these ovarian cancers should be incapable of dormancy and, if they recur, should do so within a short interval. Dormant cancer cells that express ARHI and that can utilize autophagy to survive would still recur, but at a later interval (15) . Indeed, our results showing that inhibition of ARHI-induced autophagy by CQ prevented tumor dormancy are consistent with this working hypothesis and may have clinical implications for the significance of autophagy in tumor dormancy in cancer patients. The clinical relevance of the present observations might be tested by examining ovarian cancers, detected at second-look operations, for the expression of ARHI and the presence of autophagic vesicles.
Persistence of dormant drug-resistant cancer cells following primary chemotherapy is a major barrier to improving survival of women with ovarian cancer. The ability to induce ARHI in tumor xenografts provides what we believe is a novel model for studying factors that affect autophagy and tumor dormancy as well as for developing new strategies to detect and eliminate dormant cells. Genes and pathways can now be identified that are critical to the survival of autophagic cells in vivo. Either siRNA-based strategies or small molecular weight inhibitors of these survival pathways might be utilized to eliminate dormant cancer cells, providing new approaches for therapy. The ability to induce autophagy in xenografts should also facilitate efforts to identify circulating molecular markers and to develop imaging probes that would permit detection of autophagic cells in cancers.
Methods
Antibodies and reagents. Antibodies against p70S6K, mTOR, AKT, Raf, MAPK, p38, pS6, pp70S6K T389 , pMAPK, pRaf, pp38, pmTOR, pAKT S473 or pAKT T308 , and pS6 were purchased from Cell Signaling Technology and anti-TSC2 was from Novus Biologicals. Antibody against HIF-1α was from Invitrogen. Anti-actin and anti-Myc were from Santa Cruz Biotechnology Inc. and EMD Biosciences, respectively. Antibodies against ARHI were generated in our laboratory. Anti-LC3 was provided by N. Mizushima and T. Yoshimori (National Institute for Basic Biology, Okazaki, Japan), and anti-ATG4 was provided by T. Ueno (Juntendo University, Bunkyo-ku, Japan). All chemicals and cytokines/growth factors were purchased from Sigma-Aldrich, and siRNAs were from Dharmacon Research.
Cells. Human ovarian cancer cells, SKOv3, Hey, ES2, and OC316 and NOSE cells (OSE106, OSE123, and OSE115) were grown in conditions as previously described (13, 14, 17) . The Tet-on inducible SKOv3-ARHI and SKOv3-NTD cells were grown in McCoy's medium supplemented with 10% FBS, 200 μg/ml G418, and 0.12 μg/ml puromycin. ARHI expression was induced by adding 1 μg/ml DOX to the culture medium. A Tet-regulated subline of Hey cells was established by infection with a lentiviral vector.
Measurement of ARHI mRNA expression. ARHI mRNA levels were determined by real-time RT-PCR. Copy numbers in each sample were calculated based on a standard curve.
Cell proliferation assay. The growth inhibitory effect of ARHI was determined using a sulforhodamine B (SRB) assay. Briefly, SKOv3 cells (3 × 10 3 ) were cultured with or without DOX for 72 hours. Cells were washed, fixed with 30% TCA, and incubated for 30 minutes at room temperature with 0.4% SRB in 1% acetic acid. The plates were read with a microplate reader at 570 nm.
Detection of AVO with acridine orange staining. SKOv3-ARHI or SKOv3-NTD cells were cultured with or without DOX for 48 hours. Parental SKOv3 or Hey cells were transfected with pcDNA-ARHI, washed with PBS, stained with medium containing 1 μg/ml acridine orange for 15 minutes, and examined immediately by fluorescence microscopy.
TEM. For TEM examination of autophagosomes, SKOv3 cells were washed in PBS and fixed with 2.5% glutaraldehyde in 0.1 M Na-cacodylate buffer and further fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer. Specimens were stained with aqueous uranyl acetate and lead citrate before they were observed with a Jeol-100 CX II (JEOL) TEM at 80 kV.
Terminal deoxynucleotidyl transferase 2′-deoxyuridine 5′-triphosphate nick end labeling assay. Apoptotic cells were detected with an ApopTag apoptosis detection kit (Invitrogen) following the manufacturer's protocol. Propidium iodide staining was performed by incubating sections with propidium iodide (20 μg/ml) for 10 minutes at room temperature. Cisplatin (5 μg/ml) was used as a positive control to induce apoptosis.
Measurement of degradation of long-lived proteins. SKOv3-ARHI cells were cultured with or without DOX for 48 hours and then cultured in cysteine/ methionine-free media containing 5 μCi l-[ 35 S]-cysteine/methionine for 6 hours. After washing, cells were incubated with medium containing 10% FBS and 2 mM unlabeled cysteine/methionine. After 12 hours of incubation to permit degradation of short-lived proteins, the chase medium was replaced with fresh Hank's medium. Supernatant medium was collected and the protein precipitated with 10% TCA. Radioactivity in the acid-soluble fraction was measured by liquid scintillation counter. The cells were fixed by adding 10% TCA directly to the culture dishes, washed with TCA, and solubilized in 1 ml of 0.2 M NaOH. Radioactivity in the samples was measured. The percent protein degradation was calculated by dividing the amount of acid-soluble radioactivity in the culture medium by the sum of acid-soluble and acid-precipitable radioactivities.
In vitro Rheb GTPase assay. Rheb GTPase activity was measured by TLC as previously described (32) . Briefly, SKOv3-ARHI cells were cotransfected with various plasmids. Plasmids Myc-Rheb, Myc-Rheb-R15V, and HA-TSC2 were kindly provided by K. Guan (University of Michigan, Ann Arbor, Michigan, USA), and Myc-TSC1 plasmid was purchased from Addgene. Cells were incubated with 25 μCi of [ 32 P]-phosphate/ml for 4 hours. Myc-Rheb was immunoprecipitated with anti-Myc, the Rheb-bound nucleotides were then applied onto polyethyleneimine cellulose plates, and [ 32 P]-GTP and [ 32 P]-GDP were resolved by TLC and quantified by autoradiography.
In vivo cross-linking and coimmunoprecipitation. To examine association between ARHI and LC3 in vivo, a cell membrane-permeable cross-linker, BASED (Bis-[β-(4-azidosalicylamido) ethyl] disulfide) (Pierce Biotechnology) was used. Cells were rinsed twice in cold PBS and treated with 5 mM BASED for 20 minutes before being exposed to UV light (366 nm). Cells were lysed in RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), supplemented with protease inhibitor cocktail (Roche Applied Science) and 1 mM PMSF. Coimmunoprecipitation and western blotting were performed as described in the figure legends.
Reverse-phase protein microarray. Cell lysates from cells with and without DOX were adjusted for protein concentrations, denatured with SDS, and serial diluted to define the linear range of each antigen-antibody reaction. Lysates were spotted onto nitrocellulose-coated slides (Whatman) with a G3 microarrayer (Genomic Solutions) and probed with antibodies. Signals were captured by tyramide dye deposition (CSA System; DAKO). Data collected were quantified using quantitating software MicroVigene spe-cifically developed for this approach. Protein phosphorylation levels were expressed as a ratio to equivalent total proteins. The values derived from the slope and the intercepts were expressed relative to standard control cell lysates on the array. All values were compared with the mean within each antibody probing and visualized by heatmaps created from the software MatLab (Mathworks Inc.).
Western blotting. Cell lysates were prepared as previously described (17, 18) . Equal amounts of protein were separated by 12% or 15% SDS-PAGE, transferred to PVDF membranes, and subjected to western blotting using an ECL chemiluminescence reagent (GE Healthcare). siRNA transfection. SKOv3-ARHI and glioma cells were transfected with control or ARHI siRNAs using the Transfectin 4 reagent (Dharmacon Research). Briefly, a mixture of siRNA (100 nM final concentration) and transfection reagents were incubated for 20 minutes at room temperature. This mixture was then added to cells and allowed to incubate for 48 hours before cells were harvested for protein and RNA expression measurements. For experiments with serial transfections, cells were transfected with siRNA using the Transfectin 4 reagent on day one and with additional siRNA and GFP or GFP-LC3 plasmid using Lipofectamine 2000 (Invitrogen) on day 2. Cells were either harvested 24 hours later for protein expression measurements or fixed for fluorescence microscopy analyses.
Clonogenic assays. SKOv3-ARHI or SKOv3-NTD cells (1 × 10 3 ) were cultured in control medium or medium containing cytokines, growth factors, or cell matrix proteins for 14 days with or without DOX. Colonies in each well were stained with Coomassie blue and counted.
Transient transfection and immunofluorescent staining. Tumor cells (3 × 10 4 ) were seeded in chamber slides and transfected with 1 μg of HA-tagged AKT-CA or AKT-DN plasmid (Myr-HA-AKT1-DD or Myr-HA-AKT1[AAA], respectively). Cells were fixed with 4% formaldehyde and permeabilized with 0.5% Triton X-100. Cells were then washed and blocked with 3% goat serum and 0.1% BSA in PBS followed by incubation with anti-HA antibody. After washing, cells were incubated with secondary antibody conjugated with Alexa Fluor 488 or 594 (Invitrogen), mounted, and examined using a confocal microscope (Olympus FluoView 500).
Mouse xenograft and measurement of tumor size. Eight-week-old BALB/c nu/nu mice were purchased from Charles River Laboratories. SKOv3-ARHI, SKOv3-NTD, or parental SKOv3 cells (1 × 10 7 ) were injected subcutaneously into the flank of each mouse. DOX (2 mg/ml) in 5% glucose or glucose alone was added to the drinking water on the day of injection.
For the CQ experiment, DOX-treated mice were injected intraperitoneally with CQ (5 days/week at 50 mg/kg) for the entire 5 weeks or the final 2 weeks of DOX treatment. Tumor size was measured every third day using a digital caliper. The mean of 2 independent measurements was averaged. All procedures were carried out according to the animal protocol approved by the Institutional Animal Care and Use Committee of the M.D. Anderson Cancer Center at the University of Texas.
Antibody arrays. Human and mouse cytokine/growth factor antibody arrays were purchased from RayBiotech, and angiogenesis antibody arrays were from Panomics. SKOv3-ARHI cells were seeded at 80% confluence with 1% FBS and induced by adding DOX in culture medium. Medium and cell lysates were collected after 48 hours. Lysates of cells in vivo were prepared from frozen tissues of isolated xenografts.
VEGF ELISA assay. VEGF ELISA kits were purchased from R & D Systems. SKOv3-ARHI cells were seeded at 80% confluence with 1% FBS. After 24 hours, DOX was added to induce ARHI expression. Medium and cell lysates were collected after an additional 24 hours in the presence or absence of hypoxia (in a hypoxia chamber filled with 1% O2, 5% CO2, and 94% N2).
Statistics. All experiments were repeated independently at least 2 times. The data were expressed as means ± SEM. Statistical analysis was performed by using Student's t test (2-tailed). The criterion for statistical significance was taken as P < 0.05 (2-sided).
